Mountain front morphology is used to assess the relative role that tectonic and/or climatic processes play in shaping topography in the Sierra Nacimiento, a Laramide uplift in northern New Mexico. Rates of fault offset (0.013 mm/yr) in the adjacent Rio Grande rift are an order of magnitude slower than locally calculated rates of fluvial incision (0.17 mm/year) and regional denudation (0.12-0.84 mm/yr). Thus, although Quaternary fault offset may be locally important in increasing relief and driving fluvial incision, it is subordinate to high rates of regional fluvial exhumation in defining the geomorphic expression of the mountain front. The geomorphic youthfulness of the Sierra Nacimiento landscape is attributed to recent and rapid erosional exhumation facilitated by fluvial processes as streams have become increasingly well adjusted to structure and rock-type. Repeated capture events throughout the Quaternary have increased drainage basin area as stream networks have become well integrated. To test the idea that epeirogenic uplift, perhaps associated with Quaternary volcanism of the Valles caldera and the Jemez Lineament, may have driven the increase in regional denudation, large-scale GIS-based analysis of digital topography (DEM) was used for the Taos range, the Colorado Front Range, and the Sierra Nacimiento. The GIS analysis also allowed us to estimate the relative residence time of topographic forms in the Southern Rocky Mountain landscape. The GIS results support our conclusions that drainage integration and accelerated denudation rates in the middle to late Pleistocene have played the dominant role in defining the characteristic relief and geomorphic expression of Sierra Nacimiento and related Laramide uplifts.
Introduction
Sierra Nacimiento in northern New Mexico has the straighten and steepen the mountain front, widen valleys, and generally reduce relief (Bull and typical geomorphic expression of many Laramide uplifts in the Southern Rocky Mountains, a broad McFadden 1977) . Though the Sierra Nacimiento has been viewed as a classic Laramide-style uplift, gentle upland surface capped by a rugged mountainous spine and bounded by a steep frontal slope. Its tectonically inactive since Laramide time, its steep linear range front led us to investigate the possible geology resembles other Laramide uplifts such as the Front Range in Colorado, in that the rangeexistence of post-Laramide deformation. It can be difficult to attribute tectonic and/or clibounding reverse fault and Phanerozoic sedimentary strata form a longitudinal synclinal valley matic processes to the landforms of the mountain front-piedmont region. Active mountain ranges and flat-irons along the range-front escarpment. What sets the Sierra Nacimiento apart from other are distinguished by thick, Holocene-aged alluvial fans deposited adjacent to the mountain base (Bull Laramide uplifts is the striking linearity of its W-facing escarpment, a feature suggestive of a and McFadden 1977) . Increased rates of fluvial incision and sediment yield associated with these thick post-Laramide, active tectonic landscape. Uplift, particularly along range-bounding faults, tends to alluvial deposits can also be linked to climate changes of the Pleistocene-Holocene transition (Bull and Schick 1979; Wells et al. 1987a; Bull 1991;  orographically induced changes in precipitation, light on non-unique arguments for epeirogenic processes that influence the topographic form of Larawhich influence deformation style by varying the spatial patterns of denudation (Issacks 1992; Wilmide uplifts. lett et al. 1993) . It seems useful, therefore, to consider climatic and tectonic causes in conjunction Setting rather than in isolation when investigating complex topographic forms associated with older oro-
The Quaternary landscape and topographic form of the Sierra Nacimiento reflect a long and diverse gens such as the Laramide orogeny.
Given that the Sierra Nacimiento front juxtahistory of tectonic events, including fault-block uplifts associated with late Paleozoic ancestral Rocky poses Proterozoic crystalline rocks against lessresistant Paleozoic and Mesozoic sedimentary Mountain deformation (Woodward 1987) . Sierra Nacimiento is considered the southernmost exrocks along the range-bounding fault, we wish to explore mechanisms, other than climate, which pression of the Laramide orogeny and part of the Southern Rocky Mountains (figure 1). The Laradrive long-term landscape evolution-mainly epeirogeny, drainage integration, and local base level mide orogeny defined the western structural boundary of the Sierra Nacimiento as a segmented, considerations. While acknowledging that climate and climate change have played a role in post-Laraoblique-slip, reverse fault that juxtaposes Cretaceous and early Tertiary sedimentary rocks of the mide regional exhumation, we hypothesize that increased rates of fluvial incision in the middle to late San Juan Basin to the west against uplifted Proterozoic basement rocks to the east (Woodward 1987) . Pleistocene have been promoted by drainage integration and fluvial adjustment to structure. Our hy-
The 10-16 km wide Sierra Nacimiento trends N-S for approximately 80 km (figure 1a, figure 2). Total pothesis should be viewed in the context of research along the Colorado Front Range eastern relief is about 1600 m with the highest elevation in the northern portion of the range, reaching escarpment that constrains post-Laramide fault offset to a maximum of 155 m (Leonard and Langford 3200 m at the flat-topped summits of San Pedro Mountain. Farther south, local relief is character-1994). The relatively small degree of post-Laramide fault deformation is considerably less than previized by a broad, gentle upland surface capped by a rugged mountainous spine and a synclinal drag fold ous workers have estimated and underscores the importance of the role that differential erosion and that borders the range front. The broad en enchelon folds that border the Sierra Nacimiento mountain drainage adjustment to structure play in defining the topographic form of Laramide uplifts.
front reflect Laramide transpression associated with the northeastward translation of the Colorado To evaluate the dominant tectonic and fluvial processes of long-term landscape evolution, we Plateau (Chapin and Cather 1983) . The western mountain front-piedmont is characterized by pediused three ''nested'' spatial and temporal scales of observation: (1) the drainage basin, (2) the mounment surfaces, now dissected, which at one time formed a broad apron that connected summit elevatain range, and (3) the Southern Rocky Mountains. Fluvial incision rates are calculated from terrace tions to the basin (Bryan and McCann 1936) . These pediment surfaces represent paleo-valley floors strath height above the modern channel, while isolating the effects of rock-type and/or base level conthat formed during periods of stable base level. Farther to the west, deeply exhumed Pliocene-aged siderations. Extensive mapping of the southern and western portion of the mountain range was carried volcanic necks (Hallet 1994 ) protrude some 250 m above the valley floor among differentially eroded out. Regional GIS-based topographical analyses allowed us to quantify landscape roughness (local reremnants of cuestas and plateaus in the adjacent San Juan basin (part of the Colorado Plateau). lief) with respect to mean elevation. Using this data in conjunction with long-term exhumation rates, In Neogene time, Sierra Nacimiento has undergone extensional tectonism associated with the Rio we hoped to gain insight into the degree of drainage density within a particular Laramide uplift and reGrande rift, Miocene-to Quaternary-aged volcanism associated with the nearby Jemez Mountains, gional processes of landscape evolution, specifically in terms of erosional exhumation and active and Quaternary high heat flow associated with the Jemez Lineament (figure 1a,b,c). Rio Grande rift tectonism. Our work has important bearings on the degree of post-Laramide uplift on the southern portectonism is reflected locally by rift-bounding faults-Sierrita and Jemez fault zones-along Sition of the Rocky Mountain foreland (Church and Hack 1939; Epis and Chapin 1975 ; reviewed in erra Nacimiento's eastern border. Syn-rift sediments, such as the Miocene-aged Abiquiu FormaGregory and Chase 1994), and ultimately, sheds (a) Location map of the Sierra Nacimiento study area. Digital shaded topography was produced from U.S. Geol. Survey 1 : 100,000 scale DEM data (60 m horizontal resolution). White box around the southern Sierra Nacimiento outlines specific area mapped at a scale of 1 : 24,000 (Formento-Trigilio 1997) . RG ϭ Rio Grande; JR ϭ Jemez River; RS ϭ Rio Salado; RGu ϭ Rio Guadalupe; RP ϭ Rio Puerco; AP ϭ Arroyo Peñ asco. Inset map (b) illustrates the high regional topography of the Southern Rocky Mountains. Box in New Mexico outlines the location map in (a). Box in central Colorado outlines the Colorado Front Range (CFR), which we used for a regional topographic analysis. Regions of high topography that coincident with volcanism or high heat flow include Yellowstone (Y), the Saint George igneous trend (SGT), the Rio Grande Rift (RGR), the Jemez Mountains (J), the San Juan Mountains (SJ), and MogollonDatil volcanic field (MD). Inset map (c) illustrates the regional tectonic setting of north-central New Mexico (Baltz 1978) ; (a) corresponds to the location of figure 1a. Note the locations of the Jemez Lineament, denoted by JL, trending NE. Also note the Taos Range, which we use for a regional topographic analysis, and the Tusas Mountains, source area for the Abiquiu Formation. A ϭ Albuquerque; E ϭ Espanola; SF ϭ Santa Fe; JL ϭ Jemez Lineament. tion, are deposited along this eastern border. The the Colorado Plateau (Haynes Flat) and east to Cerro Pedernal (figures 1a, 2). Subsequently the Abiquiu Formation is considered to represent early syn-rift sediments of northern provenance best prezone of rifting narrowed and steepened, isolating the Abiquiu Formation on western upthrown served in downdropped fault blocks in the Abiquiu embayment to the north and east of San Pedro blocks. Remnants of a low-relief upland surface are found in the nearly flat summit of San Pedro MounMountain (figure 1a) (Kelley 1978; Smith 1938) . Initial, broad, shallow, rift basins were filled with the tain in northern Sierra Nacimiento at elevations of 3200 m (figure 2; Bryan and McCann 1936; figure Abiquiu Formation and may have spilled west to (Izett and Obradovich 1994) , the base of which prois overlain by a thin veneer of the Pedernal Chert Member of the Abiquiu Formation, which thickens vides an excellent stratigraphic horizon for the measurement of Quaternary fluvial incision rates. eastward from 2 m to ϳ30 m thick (figure 7 of Church and Hack 1939) .
Drainages. Drainages in the Sierra Nacimiento exhibit a radial pattern around the rounded, nearly The thickness of the Abiquiu Formation deposits that bury this high erosion surface implies that flat summits of San Pedro Mountain (figure 1a, 2). Farther south, the range is drained by south-flowing the Sierra Nacimiento was a relative topographic low during Miocene time and that most of the exstreams including Arroyo Peñ asco, Rio Salado, and Rio Puerco (figure 1a). The Rio Grande, flowing humation in the northern portion of the range occurred prior to the deposition of the Abiquiu Forabout 70 km to the east, is the master base level control for Sierra Nacimiento drainages (figure 1a). mation. The lower Abiquiu basal gravels that now stand at 3200 m are derived, in part, from the Tusas A complicated interaction between headwater integration (Wells et al. 1987b) , regional uplift (BachMountains, whose summits currently lie at an elevation of about 3080 m or 120 m lower (figure 1a,b man and Mehnert 1978; Dethier and Demsey 1984) , and a shift in regional climate (Dethier et al. 1988 ), and figure 2). In addition, the Tusas Mountains are over 50 km NE of San Pedro Mountain. The gradihave driven post-1.0 Ma incision of the Rio Grande through its axial basin fill. This incision represents ent over this distance of 50 km is well below the minimum gradient for gravel transport (120 m/ a distal base level fall for major tributary streams that characterize the Sierra Nacimiento. 50 km) (Simons et al. 1965; Blair and McPherson 1994) . Based solely on these observations, the absoThe northeast portion of Sierra Nacimiento and the Valles caldera are drained by two major perenlute amount of rock uplift of San Pedro Mountain or erosional lowering of the Tusas Mountain sumnial streams, the Rio Guadalupe and the Jemez River (figure 1a), the upper reaches of which have mits is difficult to determine; however, we propose that the 120 m disparity in elevation between the incised narrow deep gorges into resistant Permian sandstones overlain by Tertiary and Quaternary source area and the upland surface on top of San Pedro Mountain and the lack of a minimum gradivolcanic rocks associated with the Jemez Mountains. ent required for gravel transport likely implies that some surface uplift of San Pedro Mountain did ocThe Jemez River drainage basin, one of the two major drainages mapped, is the largest basin on the cur in post-Miocene time.
Volcanism in the Jemez Mountains began in the east side of Sierra Nacimiento, with an area of approximately 1480 km 2 and a mean elevation of middle Miocene (Ͼ13 Ma; Gardner et al. 1986 ) and culminated in the Quaternary with the formation 1941 m. The headwaters reach the summit elevations of the Valles caldera. From there, the Jemez of the Valles caldera. Two catastrophic calderaforming pyroclastic eruptions produced the lower River flows south to join the Rio Guadalupe downstream of San Diego Canyon (figure 1a). South of Bandelier Tuff (Otowi Member) at 1.61 Ma and the the confluence, the upper reach of the Jemez River ertine deposits that both underlie and overlie terrace gravels, the occurrence of a Yellowstoneexhibits a pool-and-riffle stream morphology in a mixed alluvial-bedrock channel. The broad, lower derived tephra, Lava Creek B ash bed in the terrace deposits, the occurrence of Valles caldera-derived reach of the Jemez River valley is wider and characterized by a stair-step topography of Quaternary Banco Bonito basalt in terrace gravels, and relative weathering characteristics, including carbonatepediments and constructional terrace deposits that unconformably overlie the less resistant early synstage morphology of the soil profile (FormentoTrigilio 1997). rift fill. The lower Jemez River valley is defined as the reach below Red Rock (figure 3), a stratigraphic and fault-controlled transition between flexurally Terrace Data downwarped Permian strata and Miocene-aged Rio Grande rift-basin-fill (Zia Formation). In the proxJemez River. The most striking and important Quaternary deposits in the Jemez River basin are a imity of Red Rock (figure 3), channel morphology changes from a pool-and-riffle character to that of flight of terraces that step down from just below the basal contact of the Bandelier Tuff to the modern an alluvial meandering river.
The drainage basin is underlain by a heterolithic channel. Arroyo Peñ asco, the second drainage basin that the Qt1 terrace deposit (Rogers and Smartt 1996) clearly constrains the age of the oldest upstream we mapped, is part of the larger Rio Salado drainage basin (figures 1a and 6), and has a basin area of terrace deposit as middle Pleistocene. Fluvial stratigraphy near the modern channel is 26.4 km 2 . Quaternary deposits are underlain predominantly by Precambrian granite and Triassic dominated by Qt4, a fill terrace locally buried by thick piedmont deposits in the lower Jemez River Chinle Group mudstone, with lesser amounts of Pennsylvanian Madera Limestone and Permian valley (figure 4, cross section B-B'). The base of the terrace lies from 6 to 36 m above the modern chanAbo Formation. Arroyo Peñ asco flows south from Pajarito Peak, trends parallel to the mountain nel (table 1) and buries paleotopography. The significant local relief, approximately 11 m, of this front, and joins the Rio Salado near the southwest corner of Sierra Nacimiento (figures 1a and 6). Eight contact is particularly evident in the upper Jemez River valley (figure 4, cross section A-A'). The major Quaternary deposits comprise the piedmont portion of the Arroyo Peñ asco drainage basin (dethickness of the terrace deposit also varies dramatically, ranging from about 2 m to over 14 m. A minor noted ''.P''): pediment deposits (Qpf1.P); terrace deposits (Qt2.P, Qt3.P, and Qt4.P); travertine terrace deposit, Qt4a, inset into Qt4 and preserved in the upper reaches of the Jemez River, is impormounds (Qtrm); and travertine deposits (Qtr) (figures 5 and 6).
tant because it contains the first occurrence of large (2 m) boulders of Banco Bonito basalt (Rogers and Smartt 1996) . This rock-type, not present in any Quaternary Stratigraphy stratigraphically older terraces, has been dated at about 60 ka (Toyoda et al. 1995; al. Quaternary stratigraphy associated with individual drainage basis reflects up-basin hydrologic controls 1996b). Holocene fill-cut terraces, Qt5 and Qt6, are underlain by red to tan, fine-grained sands and silts. associated with fluctuations in climate; preservation results from tectonically derived accommodaThe straths lie 6 m and 2 m, respectively, above the modern channel. Charcoal taken from about 1 m tion space. Drainage basin stratigraphy, therefore, is important in unraveling landscape evolution at below the surface of Qt6 yielded a date of 3160 Ϯ 60 radiocarbon years BP (Lawrence Livermore Naall scales. Relative age-control for mapped surficial deposits, summarized in figure 5, is based on the tional Lab. 24692).
In the lower Jemez valley, subsurface data, inelevation of the strath height above local base level, 14 C radiometric ages, Uranium-series dates of travcluding well data (B. White pers. comm.), and 2-D seismic imaging (J. C. Witcher unpubl. report for 6), are underlain by alluvial gravels consisting predominantly of Precambrian granite, PermianSouthwest Technology Dev. Inst. 1990), record up to 33 m of channel alluvium buried beneath the Triassic sandstones, and Pennsylvanian limestones. Upland gravels (Qug) above about 1800 m modern channel. The Qt4a terrace (Ͻ60 ka) provides a lower age limit of late Pleistocene for the (figure 6) consist almost entirely of clasts of Precambrian granite and mantle-resistant ridges. The 33 m of channel alluvium buried beneath the modern channel. Holocene fill-cut terraces, Qt5 and terrace deposits range from 3 to 25 m thick and are commonly interbedded with travertine. The abunQt6, provide an upper age limit because they are cut into the channel alluvium. Given these two dance of travertine in the Arroyo Peñ asco landscape allows numeric age dates of associated alluvial dedates, the channel alluvium is bracketed between late Pleistocene and middle Holocene.
posits. Uranium-series dates of travertine interbedded in the Qt2.P terrace deposit yield ages of 272 Ϯ Arroyo Peñ asco-Western Mountain Front. Fill terraces in Arroyo Peñ asco and the neighboring drain-24 ka, 63.5 Ϯ 0.6 ka, and 57 Ϯ 0.5 ka. Radiocarbon dates in the Qt4.P terrace deposit range from 2170 ages, Arroyo Cuchilla and Rio Salado (figures 5 and Ϯ 40 radiocarbon years BP in the upper reach (Beta let 1994) constrains these deposits to approximately Plio-Pleistocene age. 85446) to 2290 Ϯ 70 radiocarbon years BP in the lower reach (Beta 85444) (figure 5).
Quaternary Faults
Arroyo Peñ asco-Western Mountain Front. The Piedmont Deposits ''youthful'' topography of Sierra Nacimiento cannot be attributed to post-Laramide fault offset. DeJemez River. Piedmont alluvial deposits in the Jemez River are 0.5 to 20 m thick, red, locally strattailed mapping in the southern Sierra Nacimiento, however, has revealed previously unknown Quaified, angular coarse gravels and sand derived from tributary streams, cemented with calcium carbonternary faults. In order to quantify the affects of these faults, we present the data and show why ate. Piedmont deposits occupy narrow, relatively flat interfluves in the upper Jemez River valley and fault offset does not play the dominant role in shaping topography. more extensive, broad surfaces in the lower valley. The deposits locally interfinger and/or bury fluvial
The Nacimiento fault can be found in incised drainages close to the mountain front and as a low terraces (figures 3 and 4). In the upper Jemez River valley, all piedmont and terrace deposits are inset, topographic scarp buried by pediment-fan deposits Qpf1.P (figure 6). The scarp on the Qpf1.P surface stepping down toward the modern channel (figure 4, cross section A-A'). In addition, piedmont depossuggests the Nacimiento fault may have been reactivated since Laramide time. A few meters west of its are relatively thin (ϳ0.5 m) and mostly interfinger with correlative fluvial terraces. In conthe Nacimiento fault, on the Qpf1.P surface, a 17-m high topographic scarp parallels the trace of the trast, in the lower Jemez River valley, both thick (ϳ20 m) piedmont deposits bury and are inset into Nacimiento fault for approximately 2 km (figure 6). The fault offsets a calcic horizon formed in pediolder terrace alluvium (figure 4, cross section B-B').
In the lower valley, the oldest aggradational ment gravels on the Qpf1.P surface and continues across the pediment surface. Mass-wasting has event, Qp3/2, a piedmont alluvial deposit, consists of a fine-grained sand and gravel unit, composed modified the height of the scarp, making it difficult to determine the exact amount of stratigraphic seppredominantly of grus, which unconformably overlies the Miocene Zia Sandstone. Qp3/2 is unconaration. Given that the pediment gravels overlie landslide-prone shale and mudstone bedrock (Triformably overlain by Qp4a (figures 3 and 4, cross section B-B'), another piedmont alluvial deposit of assic Petrified Forest Formation of the Chinle Group), we have considered the possibility that the carbonate-cemented, coarse-grained gravel and a boulder unit of angular granite clasts. There is no scarps on the Qpf1.P surface are not tectonic, but instead are landslide head scarps. However, the soil at the contact between Qp3/2 and Qp4a. The contact is planar, areally extensive throughout the scarp is linear and laterally continuous along the mountain front for approximately 2 km and map area, and therefore represents a period of pedimentation. This pediment surface at the top of strongly suggests some component of Quaternary fault offset. Qp3/2 is indicative of relative base level stability before a new period of aggradation, represented by Farther north and east, the Nacimiento fault is buried by modern stream channel alluvium, but Qp4a.
Western Piedmont. Sierra Nacimiento has a long emerges on the north side of the drainage where it truncates the Pennsylvanian Madera and Permian history of pediment formation (Bryan and McCann 1936) . These pediments represent paleo-valley Abo Formations, and the Qt2.P terrace gravels. The fault offsets Quaternary terrace gravels (Qt2.P) floors that formed during periods of stable base level. Pediment deposits along the western mounwith 4.2 m of stratigraphic separation (figure 6). The fault scarp in the Qt2.P terrace deposit has tain front are from 0.5 to 2 m thick and range from approximately 120 to 230 m above modern base been preserved and buried by travertine deposition from a constructional mound upslope. Uraniumlevel (Rio Salado, figure 6). Pediment deposits, like the fluvial terraces in this region, are thinner in the series dates from the overlying travertine have constrained the age of faulting to between 272 Ϯ proximal piedmont and thicken toward the basin center. Remnants of older surfaces are morphologi-24 ka and 57.5 Ϯ 0.5 ka (figure 5). A knickpoint has developed where the modern channel crosses cally expressed as isolated buttes and ridges distinguished by the brick-red granitic matrix of gravel the fault (figure 7a). We attribute this knickpoint to local offset on this fault. deposits that overlie less-resistant shales. Soil stratigraphy and regional correlation (Slavin 1987; Hal- Jemez River. Quaternary fault offset in the Terrace straths record paleochannel bottoms that formed during graded stream confault (Woodward 1987) . Younger deformation is indicated by several faults offsetting the oldest terditions. Map relationships, numeric dating, and soil stratigraphy of the overlying sediments are userace, Qt1 (about 620 ka). Two faults offset Qp1 and truncate Qt1 to form a graben about 10 m wide ful in constraining a minimum age of the terrace deposit. The strath, by definition, is an unconformwith 3 m of stratigraphic separation on each side. Near a tributary confluence with the Jemez River, able surface and is older than the overlying sediments. Insofar that straths represent paleochannel Qt1 is offset with 11 m of stratigraphic separation with a normal component of slip, down-to-the-east bottoms, correlation of straths and their overlying deposits allow for the reconstruction of paleoriver (figure 3). In the Blue Water Spring drainage (figure 3), two faults offset the base of piedmont deposit longitudinal profiles. The elevation of a strath cut on bedrock above the modern river channel is a Qp3/2 with a total of 8.2 and 1.8 m of stratigraphic separation, respectively. A 1-m high topographic measure of vertical incision since strath formation. As long as climatically driven changes in drainage scarp is partially buried by the younger piedmont deposit, Qp4a.
basin hydrology, such as water discharge, sediment flux, and sediment caliber do not dramatically alter Lastly, a poorly exposed offset in the Qt4 terrace Figure 6 . Generalized surficial geologic map of the lower Arroyo Peñ asco drainage and a portion of the Rio Salado drainage compiled from detailed 1 : 24,000 scale maps of southern Sierra Nacimiento (Formento-Trigilio 1997) and Ojito Springs quadrangles (Formento-Trigilio unpub. data). See figure 1a for location of the Arroyo Peñ asco and Rio Salado. Distribution of Qt2.P deposits along the underfit Arroyo Cuchilla water gap illustrates post-60 ka drainage capture of Arroyo Peñ asco. These types of drainage captures occur as streams become progressively better adjusted to rock type and structure, accelerating the removal of soft rock-types. Box a. in the lower inset is a schematic representation of the drainage network in box a. in the upper map. Note E-flowing drainages that follow the dip slope of the range and barbed drainages. Drainage capture in Arroyo Peñ asco precipitated expansion of the drainage well into and beyond the range crest, along major faults. (a) Longitudinal profile of Arroyo Peñ asco and the base (strath) of the Qt2.P terrace projected to an imaginary vertical plane constructed parallel to the active Arroyo Peñ asco channel. Uranium series dates on travertine interbedded with Qt2.P indicate that the strath was cut at approximately 272 ka, and aggradation prevailed until approximately 60 ka when the Qt2.P deposit was incised to expose it as a terrace. (b) Longitudinal profile of the Jemez River and its terrace profiles projected to an imaginary vertical plane constructed parallel to the active Jemez River channel. Figure 3 shows where the cross-valley fault (CVF) intersects the channel (at profile kilometer 5), which is to be distinguished from where this terrace data intersects the CVF (profile kilometer 9). This discrepancy is because the CVF strikes parallel to the Jemez River. Arrows at A illustrates long-term upstream divergence of terrace profiles with respect to the modern Jemez River channel. Arrows at B illustrate downstream convergence of terraces, perhaps influenced by offset across the CVF. Arrows at C illustrate the post Qt4 downstream increase in the rate of fluvial incision (See figure 8a.). CVFZ ϭ cross-valley fault zone. Roman numerals mark locations of knickpoints. the bedrock channel gradient, the vertical sepadence) (Schumm 1956; Strahler 1952; Gardner et al. 1987; Hack 1973; Bull and McFadden 1977 ; Merration between the modern river long-profile and those of paleoriver long-profiles is directly proporritts and Vincent 1989; Montgomery and Dietrich 1994; Burbank et al. 1996) . The ZR ratio is a relief tional to the amount of rock uplift and/or related changes in base level (Pazzaglia and Gardner 1993;  morphometric parameter designed to capture the local ruggedness of a landscape. Previous applicaMerritts et al. 1994).
We use these observations to reconstruct tections of a similar relief parameter (Burbank et al. 1996) have proven useful at characterizing threshtonic deformation in the Jemez River. The longitudinal profile of the Jemez River is concave-up with old hillslopes in regions with very high rates of tectonic uplift. Insofar that landscape ruggedness at three prominent segments of the river that display either one knickpoint or a group of knickpoints in the mountain range scale is controlled by the major valley spacing and degree for which a drainage net each segment (figure 7b). Knickpoint I occurs at the confluence of a tributary basin where Quaternary fills a basin (Melton 1958) , the ratio of mean local relief with respect to mean elevation is a potenfaults offset the Qt1 terrace deposit approximately 3 to 11 m (figure 3). Knickpoint II is coincident with tially useful measure of the degree of drainage integration and may reflect regional rates of rock exhuthe area of the CVF and warping of the Qt4 terrace strath. Knickpoint III occurs near Indian Springs, in mation by fluvial processes (Summerfield 1991; Summerfield and Hulton 1994) . the vicinity of a buried fault.
Spatial distribution of fluvial incision in the Rapid relief morphometric calculations of topography involves measuring mean local relief and Jemez valley is illustrated by the vertical separation of fluvial terraces with the modern Jemez River valmean local elevation on a rasterized grid of elevation data. The elevation data, available from the ley bottom (figure 7b). Upstream (A of figure 7b) , the Qt2 terrace strath shows a pattern of progres-U.S. Geological Survey DEM database, have a grid spacing of 30 m and a vertical resolution to the sive divergence away from the modern channel. Farther downstream, the terraces project more or nearest 1 m. The data are entered into a rasterized lattice format in ARC/INFO and projected into a less parallel to the valley bottom, down to the cross-valley fault (CVF) and indicate a rather uni-UTM projection coordinate system. Local mean elevation, Z (m), is calculated from: form long-term (including incision below the Quaternary Bandelier Tuff) rate of fluvial incision of Z ϭ ∑ n Z r /n (1) about 0.17 mm/yr. Immediately downstream of the CVF (B of figure 7b), terrace profiles rapidly conwhere ∑Z r is the sum of elevation values within a verge with a concomitant decrease in fluvial incicircle of radius r (measured in number of cells in sion between Qp3/2 and Qt4 to about 0.1 mm/yr. the grid), and n is the number of elevation values The decrease in rates of downstream fluvial inciwithin a circle of radius r. By moving a circular winsion abruptly reverses in post-Qt4 time. The Qt4 dow of radius r, where r is measured as the number terrace profile diverges away from the modern of cells in the lattice, across the DEM, a new lattice channel (C of figure 7b) and indicates rates of inciof local elevation, in essence a low-pass filtered version in the late Pleistocene that nearly double presion of the original data, is produced. vious rates to about 0.2-0.3 mm/yr.
Mean elevation and mean relief were measured for the Sierra Nacimiento ( figure 1a, table 2 Tuff (about 1.2 Ma), the Jemez River began a long period of incision, punctuated by several episodes at a maximum at a window size of approximately 2 km diameter and converge (differences Ͻ10%) for of aggradation now preserved as the six major inset terrace deposits (Qt1 through Qt6; figure 4, cross window size diameters over 3 km. The 2 km window size provides an effective filter for the local section A-A') in the upper basin. Given the ages of terrace deposits (figure 5), the long-term average mean relief that is significantly different from the original topography, but not over-representative of rate of fluvial incision in the upper part of the basin since the middle Pleistocene is 0.17 mm/yr the long wavelengths.
Local mean relief, R (m), is calculated in a simi-(figure 8).
Middle Pleistocene axial stream and piedmont lar way as mean elevation, in that: deposits in the lower Jemez valley indicate a differ-
where Z max is the maximum elevation within a circular window of radius, r, and Z min is the minimum elevation in a circular window of radius r. When the radius of the circular window evaluating mean local relief is the same as that for mean local elevation, a dimensionless parameter, the mean elevation to mean relief (ZR) ratio, can be calculated:
Implicit in our methodology is the assumption that the Precambrian rock-types underlying the observed ranges are similar. We leave rigid statistical analysis of the differences in the ZR ratio throughout the Southern Rocky Mountains for future work when we have a larger subset of ranges to evaluate.
The results in table 2 show that the ZR ratio is lowest for the Taos range (approximately 60% lower), while long-term exhumation rates determined by fission-track thermochronology (Pazzaglia and Kelley 1998) increase from 16 Ma (0.14 mm/ yr) to 6 Ma (0.28 mm/yr). The highest mean slopes (18°) correspond to the most tectonically active mountain range, the Taos range (table 2) . Longterm exhumation rates for all three ranges are generally similar (approximately 0.12-0.17 mm/yr) during the late Laramide (48 to 35 Ma), although there is local variation depending on differences in rock-type and climate in a particular range. drainage basin, in particular the relationship be-ent geomorphic evolution. Here, there is evidence Pleistocene are consistent with the results of other regional studies (Dethier et al. 1988 ; Drake et al. for synchronous periods of aggradation, pedimentation, and incision ( figure 4, cross section B-B') . Dur-1991 ) that show increasing rates of incision between 500 ka and 100 ka (table 3) . The late Pleistoing Qp4a deposition in the lower valley, the upper valley was not aggrading; rather, the upper valley cene base level fall in the lower Jemez River valley does not result from cumulative offset on local underwent deep fluvial incision. Thus, during the middle Pleistocene, base level in the lower Jemez faults. A compilation of fault offset for the entire southern Sierra Nacimiento region, including Arvalley had to have been relatively stable. Certainly the fact that younger piedmont deposits have burroyo Peñ asco, is presented in figure 8b . The average long-term rate of fault offset in our study area is ied older deposits is not consistent with base level fall. We cannot, therefore, call on base level lowapproximately 0.013 mm/yr (figure 8b). Fault offset in the Jemez River valley reflects the introduction ering in the lower valley as a viable mechanism to drive incision in the upper valley. For this reason, of local relief in the landscape, but it is an order of magnitude less than the long-term rate of incision we suggest that epeirogenic uplift in the upper valley may be a more likely driving mechanism than suggested by the inset fluvial terraces (figure 8a). It is not possible to reconcile the large disparity in climate change for fluvial incision in the middle Pleistocene.
measured rates of fluvial incision in the lower valley with this fault offset (figure 8). Short-term incision rates since Qt4 time (150 Ϯ 50 ka) range from 0.18 mm/yr in the upper valley Landscape Evolution at the Scale of the Sierra Nacimiento Range. ''The distribution and extent of the to 0.30 mm/yr in the lower valley and may signal a recent, down-basin base level fall. Relationships terraces and pediments on the western flank of the Nacimiento Uplift are controlled by the structure of mapped terrace remnants in the downstream reaches (figure 3) indicate that the Jemez River miand stratigraphy of the range'' (Bryan and McCann 1936, p. 152) . Map relationships of fluvial terrace grated from the eastern to the western side of the valley as the drainage adjusted to structural trends and piedmont deposits along the western flank of the range show that, as drainages become adjusted within the basin. By Qt4 time, the Jemez River flowed adjacent to the western structural boundary to structure, incision and exhumation rates accelerate and promote the erosional exhumation of the of the basin, and thereby shortened the total length of the trunk stream. The migration of the trunk Sierra Nacimiento ( figure 6, table 3 ). Bryan and McCann (1936) recognized the influstream, and the shorter length of the thalweg, increased the river gradient and may have been an imence of variably resistant bedrock on drainage integration. Stratigraphic evidence suggests that the portant factor in the near-doubling of incision rates in post-Qt4 time ( figure 7b, table 3) .
Rio Salado came into existence through stream piracy after the establishment of the upper Rio Increased rates of fluvial incision in the late Puerco (figure 1). The Rio Salado headwaters are separated from those of eastern tributaries of the faults, or less-resistant rock-types (figure 6). Rivers such as the Rio Puerco, the Rio Salado, and Arroyo Salado through the gap currently occupied by the underfit Arroyo Cuchilla (figure 6). Capture of the Peñ asco (figures 1 and 9) have exploited the broad en enchelon folds that border the mountain front Arroyo Peñ asco and its deflection to the south was likely accomplished by a stream that had found and and breached the less-resistant Mesozoic shales in the core of these folds. We suggest that the process exploited the erodible Triassic mudstones in the strike valley aligned parallel to the Sierra Naciof drainages becoming well-adjusted to erodible rock-type and structure accelerates fluvial incision. miento mountain front. Once a stream is captured, a knickpoint migrates upstream, increasing slope For example, the Qt2.P terrace in Arroyo Peñ asco drainage continues west through the current water and subsequently increasing discharge. The increase in discharge further incises less-resistant gap of Arroyo Cuchilla, a stream clearly underfit near its confluence with the Rio Salado (figure 6).
rock-types in the strike valley and initiates a positive feedback for further incision of tributary Qt2.P does not occur along the lower portion of the Arroyo Peñ asco drainage, which instead is understreams. Through drainage capture, the beheaded stream loses drainage area and the capturing stream lain only by the late Pleistocene and Holocene age Qt4.P deposit. Given that the minimum age of gains drainage area. In the case of the Arroyo Peñ asco capture event, drainage area increased from a Qt2.P is approximately 60 ka (figure 5), we suggest that the paleo-Arroyo Peñ asco flowed into the Rio minimum of approximately 20% to nearly double its previous drainage area, while the Arroyo Cuchiyr (Dethier et al. 1988) . Apatite fission-track thermochronology (AFT) data suggest exhumation lla only lost approximately 0.15% of its total area. These percentages are based on Quaternary stratigrates of 0.12-0.17 mm/yr (Kelly and Chapin 1995; table 3, figure 9 ). Short-term exhumation rates raphy mapped along each drainage and from barbed drainage patterns that show a shift from streams (60 ka to present) calculated for Arroyo Peñ asco are 0.84 mm/yr (table 3, figure 9 ). These incision and flowing down past topographic gradients, irrespective of the structure of the mountain range, to exhumation rates indicate that the major control on landscape evolution is exhumation in response streams now adjusted to fault-controlled structural weaknesses (figure 6).
to regional base level fall. Landscape Evolution at the Regional Scale. The The net gain in drainage area that results from drainage capture favors exhumation of the range, Southern Rocky Mountain highlands, which stand above 2500 m, are surrounded by landscapes that given that all the sediment is transported out of the trunk stream to the basin. This is indeed the case stand at least 500 m lower ( figure 1b) . The transition from the uplands to adjacent lowlands occurs in Sierra Nacimiento where terrace and pediment deposits thicken toward the basin center and are rather abruptly along the northern, eastern, and southern boundaries, at the Colorado-Wyoming relatively thin in the proximal piedmont region. In addition, lithologic and soil stratigraphy in the border, the Front Range escarpment, and Jemez Lineament, respectively (figure 1c 1994) . The core of the debate into the axis of the mountain range, essentially becoming the dominant transverse drainage cutting surrounding the Cenozoic tectonic evolution of the Southern Rocky Mountains centers on whether the southern mountain front. Longitudinal drainages that paralleled the mountain front and flowed this erosion surface was (1) created by progressive lowering and rounding of divides of a formerly down the adjacent San Juan basin axis dominated until at least post-Eocene time (Smith 1988) . The high-standing Laramide upland surface subsequently reduced to near sea level (Davis 1911; Love shift from longitudinal to transverse drainage systems represents an important step in the fluvial dis-1970); (2) created near sea level as fluvial erosion kept pace with uplift during Laramide deformation section of a mountain range. Drainages that dissect the crest of a mountain range typically carry the (Epis et al. 1980 ); or (3) created at high elevation by a climate and hydrology that favored reduction of majority of the sediment output, even though drainages with headwaters in the proximal piedrelief in the uplands (Gregory and Chase 1994). The implications of the first two hypotheses require mont may have high sediment yields (Hovius 1996) . Piedmont drainages typically have smaller post-Laramide uplift (Steidtmann et al. 1989 ) to create the current elevation and relief of the upland drainage areas and are more apt to carve local valleys rather than exhume an entire mountain range surface; the last hypothesis requires post-Laramide erosional exhumation of Laramide structures with (Hovius 1996) . When integrated at the large scale, we envision the growth of transverse drainages and the modern relief attributed solely to differences in rock erodibility and the effects of Pleistocene glacithe progressive and rather recent adjustment to rock-type and structure as likely mechanisms for ation. A comparison of the functional relationship bethe observed increase in middle to late Pleistocene rates of fluvial incision and erosional exhumation tween mean elevation and mean relief (ZR ratio), or topographic roughness, of active and inactive (table 3) .
Incision rates are indicative of channel lowering mountain ranges has shed light on current controversies surrounding the tectonic evolution of the in relation to local and perhaps, regional base level fall. These rates do not reflect the overall landscape Southern Rocky Mountains. Regional mean relief and elevation analyses of the Taos range, the Cololowering of the mountain range. To capture this process of landscape lowering, we compiled rerado Front Range, and the Sierra Nacimiento allowed us to determine the degree of drainage integional rates of exhumation (table 3, figure 9 ). Our results show that in the last 0.5 to 1.0 Ma, average gration within a range and, therefore, infer the relative residence time of topographic forms in the rates range from approximately 0.04 mm/yr (Hallet 1994) Church and Hack (1939) reached the conclusion well-drained, non-precipitation-limited landscape such as the Olympic Mountains have a relatively that fluvial adjustment to rock-type and structure might be the most important geomorphic processes low ZR ratio of approximately 1. This ZR ratio is indicative of a rugged landscape with a high drainresponsible for the physiographic expression of Sierra Nacimiento. Our work confirms their findings age density where mean local elevation and mean local relief are highly correlated (and nearly equivaand suggests that Pleistocene thermal inflation of the Valles caldera (Jemez Mountains) and Jemez lent) with high rates of erosional exhumation by fluvial processes equal and directionally opposite Lineament may be a mechanism for epeirogenic uplift. A possible analog that argues for epeirogenic to rates of rock uplift.
The results from the DEM data suggest that uplift as an important control on regional base level is found in a similar study (Omar et al. 1994) in the mountain ranges with high bedrock uplift rates, such as the Taos range, have higher mean elevation Beartooth Mountains, a Laramide uplift located on the Montana-Wyoming border. The Beartooth and higher mean relief, and consequently, a lower ZR ratio (table 2) . Following from this, mountain
Mountains have undergone post-Laramide deformation associated with the bow-wave of the ranges with higher ratios and lower mean slopes (such as the Sierra Nacimiento and the Front encroaching Yellowstone hotspot. Because the thermo-epeirogenic uplift of the Sierra Nacimiento Range) are less tectonically active. The differences in mean slope angles and ZR ratios (approximately is a Pleistocene event, measured rates of fluvial incision and exhumation cannot be extrapolated over 60% difference between Sierra Nacimiento and the Taos range) reflect the similarities and differences longer timescales for that landscape. Sierra Nacimiento retains a strong Laramide topographic charin past tectonic and climatic histories. All three ranges began as Laramide uplifts. Each range has acter and long-term rates of exhumation consistent with only a Pleistocene acceleration in rates of upundergone very different post-Laramide tectonic and erosional histories. The Taos range has a dislift and erosion. In contrast, elsewhere along the Jemez Lineament, where thermo-epeirogenic uplift tinct post-Laramide tectonic history as a rift-flank uplift associated with flexural responses from Rio has been longer-lived, such as the Taos Range (figure 1c) , the sustained rapid rates of uplift and eroGrande rift subsidence. In contrast, the Colorado Front Range is at a mean elevation such that it was sion have all but destroyed the original Laramide topography. These results should be viewed in heavily glaciated in the Pleistocene, whereas the Sierra Nacimiento was never glaciated and may the context that both Sierra Nacimiento and the Taos Range have seen virtually the same climate only recently have been exhumed.
We speculate that the Taos range, although more throughout the Tertiary and Quaternary. Fluvial aggradational events, such as the Jemez tectonically active than the Sierra Nacimiento and the Front Range, still retains some residual topoRiver valley fills, can be caused by major climatic events, such as the Pleistocene-Holocene transigraphic elements from the Laramide orogeny, but that these residual elements play a far less importion. Similarly, global cooling through the late Tertiary and into the Quaternary favored alpine glacitant role in its present-day topographic expression. The Taos range may be viewed as a more mature ation which has locally increased relief in the Southern Rocky Mountain landscape. But climatic version of the Sierra Nacimiento, a Laramide uplift that has undergone thermal effects from the Latir processes alone cannot produce the vastly distinct changes in base level, over the temporal and spatial volcanic field and Jemez Lineament for a longer period of geologic time. This is reflected in high denuscales of this study, that characterize drainage evolution in the upper and lower portions of even an dation rates in the last 16 m.y. (0.14 mm/yr) to 6 m.y. (0.28 mm/yr) (Pazzaglia and Kelley 1998) and individual drainage basin, such as the Jemez River valley. While there is no dispute that climate afthe lower ZR ratio (table 2) . In contrast, the Sierra Nacimiento and the Front Range appear to retain fects the long-term landscape evolution of the Southern Rocky Mountains, strong evidence argues much of their Laramide form. In particular, only in the Pleistocene is there evidence in the Sierra Nacifor adjustments intrinsic to the fluvial system, such as drainage capture and integration, as playing miento for stripping of this Laramide form due to accelerated denudation rates, perhaps associated important roles in the erosional exhumation of the Sierra Nacimiento. From this standpoint, the longwith epeirogenic uplift from nearby Quaternary volcanic features (figure 1), and increasingly wellterm landscape evolution of the Sierra Nacimiento is an apt, modern analog for ongoing processes integrated drainage networks. 
